AO- A 099  779  ARCTIC  INST  OF  NORTH  AMERICA  ARLINGTON  VA 

ENGINEERING  PROPERTIES  OF  SUBSEA  PERMAFROST 
1977  E  J  CHAMBERLAIN.  P  V  SELLMANN 

UNCLASSIFIED 


F/e  e/12 

IN  THE  PRUOHOE  BAY  — CTC(U> 
N00019-75-C-0635 
ML 


AD  A099774 


lyiw  LEVEL 


© 


Jt 


o 


RECEIVED  J  la  3  51977 — 


ENGINEERING  PROPERTIES  OF  SUBSEA  PERMAFROST  IN 


f0j  Edwin  J  .y Chamberlain'/^ 


Paul  V 


Robert  I . /Lewc 1 len. 


THE  JRUDHOE  JAY  REGION  OF  THE  JEAU FORT  ^A^ 

M  e  otff^  .7  S- C  -  oG> 

David  M.yHopkins^ 


.  Aellmann^'scntt  E.  yfelouin^T" 

/  y  0 


and 


LU.S.  Army 


Cold  Regions  Research 

2U.S.  Geological 
3Arctic  Res 

INTRODUCTION 


and  Engineering  Laboratory,  Hanover, 
Survey,  Menlo  Park,  California,  U£ 
arch,  Littleton,  Colorado,  USA 


New 

A 


Hampshire,  USA 


Recent  invest igationsy (Hunter  et  al. 
197  6 ,  ,^steFRamp  and  HarrilTon  1976,  Lewellen 
1 976 ) ^support  earlier  indications  that  per- 
mafrost  is  very  extensive  under  the  Beau¬ 
fort  Sea. 

During  the  spring  of  1976,  a  drilling 
program  was  conducted  along  a  transect  from 
i  to  17  km  offshore  of  Prudhoe  Bay,  Alaska, 
to  obtain  data  on  the  vertical  and  horizon¬ 
tal  distribution  and  the  engineering  and 
chemical  properties  of  subsea  permafrost., 
(Sellmann  et  al.  1976).  This ...  ext  aft&ed'tne 
line  previously  investigated  by  Osterkamp 
and  Harrison  ( 1976 ) Core  samples  were  ob¬ 
tained  for  laboratory  determinations  of  in¬ 
dex,  strength,  and  compressibility  proper¬ 
ties  as  well  as  for  sediment  chemistry.  In 
addition,  in-situ  measurements  of  penetra¬ 
tion  resistance  and  temperature  were  ob¬ 
tained.  Supporting  geological,  thermal, 
dating,  and  fossil  studies  were  undertaken 
by  the  U.S.  Geological  Survey  to  aid  In  in¬ 
terpreting  the  geologic  history  of  this 
region _ 

SITE  LOCATIONS 

Three  holes  were  drilled  offshore  in 
the  Prudhoe  Bay  area  using  the  sea  ice 
cover  as  a  drilling  platform.  One  of  the 
sites  was  within  Prudhoe  Bay  and  the  others 
were  north  and  south  of  Reindeer  Island 
(Fig.  1).  Water  depths  and  distances  from 
shore  are  given  in  Figures  2-9* 

The  sites  were  selected  to  include  a 
range  of  thermal  and  geological  settings 
controlled  by  distance  from  shore,  occur¬ 
rence  of  offshore  islands  and  bars,  and 
water  depths.  The  University  of  Alaska 
drilling  program  conducted  in  1975  near  and 
offshore  of  the  new  ARCO  dock  facility 
(Osterkamp  and  Harrison  1976)  and  geophys¬ 
ical  studies  in  the  Prudhoe  Bay  area  (Rogers 
1976)  were  helpful  in  determining  site  loca¬ 
tions.  The  study  by  Osterkamp  and  Harrison 
(1976)  established  the  existence  of  bonded 
permafrost  In  two  holes  in  areas  of  shallow 
water  <2  m  in  depth.  Their  deepest  offshore 
hole  (46  m),  located  approximately  3370  m 
from  shore,  did  not  penetrate  into  bonded 
permafrost . 
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FI3.  2.  Engineering  properties  and  hole 
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from  shore. 
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FIG.  3.  Engineering  properties  and  hole 
logs  for  site  PB-2,  approximately  l?  km 
from  shore. 
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FIG.  *J.  Engineering  properties  and  hole 
logs  for  site  PB-3,  approximately  6.5  km 
from  shore. 


HOLE  LITHOLOGY  AND  SAMPLE  PROPERTIES 

The  drilling  and  sampling  techniques 
used  during  the  project  have  been  described 
in  detail  by  Sellmann  et  al.  (1976). 

The  hole  logs  shown  in  Figures  2-k  are 
based  on  field  observations  of  cores,  wash 
samples  and  drilling  conditions,  and  re¬ 
sults  of  laboratory  analysis.  The  logs  all 
show  a  fine-grained  surface  section  of 
marine  sediments  (fine  sand,  silt  and  clay) 
*1.5  to  6.8  m  thick.  These  sediments  com¬ 
monly  contain  a  few  rounded  pebbles,  per¬ 
haps  material  ice-rafted  from  nearby 
beaches.  These  appear  to  overlie  beach 
sediments  (well-rounded  gravel,  coarse  sand 
and  some  mud).  The  lower  part  of  the  marine 
mud  sequence  at  site  PB-2  contains  abundant 
small  pebbles  and  granules.  The  fine¬ 
grained  marine  materials  are  soft  and  weak 
at  sites  PB-1  and  PB-3  while  at  site  PB-2 
they  appear  to  be  very  stiff  and  overcon¬ 
solidated  . 

The  marine  sequence  is  underlain  by 
poorly  sorted  angular  gravel  lacking  any 
organic  remains,  probably  deposited  as 
glacial  outwash.  The  outwash  appears  to 
be  approximately  18  m  thick  at  sites  PB-1 
and  PB-3  and  less  than  5  m  thick  at  PB-2. 

All  boreholes  terminate  in  an  alluvial 
section  of  well-sorted  sand,  pebbly  sand 
and  gravel  containing  lenses  of  detrital 
wood  and  plant  fragments. 

The  index  properties  and  Unified  Soil 
Classifications  are  given  in  Figures  2-*4. 

It  can  be  seen,  with  few  exceptions,  that 
the  fine-grained  silts  and  clays  at  sites 
PB-1  and  PB-3  have  the  high  moisture  con¬ 
tents  commonly  encountered  in  marine  en¬ 
vironments,  while  the  clays  at  site  PB-2 
have  lower  water  contents  ir.  the  ~ange  of 
their  plastic  limits. 

EXPERIMENTAL  PROGRAM 
Cone  Penetrometer  Field  Tests 

Both  dynamic  and  static  penetrometer 
tests  in  the  sediments  were  conducted  using 
the  sea  Ice  as  a  platform.  For  the  dynamic 
tests,  a  standard  64-kg  hammer  dropped 
0.76  m  was  used  to  drive  the  probe  string, 
which  was  made  up  of  EW  drill  rod  sur¬ 
rounded  by  EX  casing.  The  probe  consisted 
of  a  60°  hardened  steel  cone  attached  to 
the  drill  rod  and  a  150-mm-long  sleeve 
welded  to  the  case  of  the  casing.  The  cone 
and  sleeve  both  had  a  diameter  of  57  mm. 

The  point  and  sleeve  could  be  driven  simul¬ 
taneously  or  separately  by  temporarily 
adding  0.3-m  sections  of  casing  or  rod  at 
the  top  of  the  probe  string  as  desired. 

The  static  penetrometer  used  the  same  probe 
string  and  was  pushed  by  a  hydraulic  cy¬ 
linder  mounted  atop  a  quadrapod  anchored 
to  the  sea  ice. 
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FIG.  5.  Static  and  dynamic  cone  capacities 
for  site  PB-4,  approximately  0.8  km  from 
shore . 

The  results  of  the  tests  are  illustra¬ 
ted  in  Figures  2-5.  At  site  PB-1,  the  stat¬ 
ic  penetration  resistances  were  very  low 
(<2  MPa)  throughout  the  fine-grained  section. 
Upon  entering  the  coarser-grained  sands  and 
gravels  the  static  penetration  resistance 
rapidly  increased  to  24  MPa.  Because  of 
equipment  difficulties,  dynamic  penetration 
data  were  obtained  only  in  the  fine-grained 
section.  The  range  of  penetration  resist¬ 
ances  was  between  12  and  24  blows/m. 

At  site  PB-2 f  a  few  static  penetration 
results  were  obtained,  but  they  are  of  ques¬ 
tionable  quality  because  of  rod  buckling 
problems  in  the  deep  water.  The  dynamic 
cone  capacity  rises  sharply  In  the  upper 
1.4  m  of  silty  sand  to  nearly  200  blows/m 
and  falls  abruptly  to  50  to  100  blows/m  in 
the  clays  beneath. 

The  cone  penetration  data  at  site  PB-3 
show  the  best  correlation.  Both  the  static 
and  dynamic  cone  penetration  data  show  an 
increase  of  penetration  resistance  through 
the  upper  meter  of  loose  silty  sand,  a  re¬ 
latively  constant  penetration  resistance 
through  the  next  meter  of  more  compact  silt, 
and  a  decrease  In  the  next  0.5  m  of  softer 
silts  to  a  relatively  low  penetration  resis¬ 
tance  in  the  next  2-1/2  m  of  very  soft  silt. 
At  a  penetration  depth  of  approximately  5  m 
a  very  stiff  layer  of  sand  was  encountered 
and  the  penetration  resistance  increased 
rapidly  with  increasing  penetration  depth. 

At  site  PB-4 ,  the  greatest  penetration 
depth  (11  m)  was  achieved,  using  the  dynam¬ 
ic  cone  penetrometer.  The  penetration  re¬ 
sistance  increased  from  100  blows/m  below  a 
depth  of  2  m  to  nearly  250  blows/m  near  10  m 
of  penetration.  The  static  cone  penetration 
resistance  increased  to  8  MPa  at  the  2-m 
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FIG.  6.  Temperature  profiles  for  Prudhoe 
Bay  sites  01,  02,  03  and  04  (USGS  data 
from  Marshall,  personal  communication). 

penetration  depth  and  remained  constant  to 
5-m  depth. 

In  Situ  Temperature  Profiles 


Equilibrium  temperature  data  were  ob¬ 
tained  through  the  bore  of  the  cone  pene¬ 
tration  rod  at  four  sites.  With  the  excep¬ 
tion  of  site  PB-1  where  convection  problems 
occurred,  the  resulting  temperature  profiles 
compared  well  with  the  data  obtained  by  the 
USGS  (V.  Marshall,  pers.  comm)  in  Figure  6. 

The  bottom  temperatures  at  the  shallow 
water  sites  PB-1  and  PB-4  where  the  salt 
concentrations  were  high  because  of  restric¬ 
ted  flushing  under  the  sea  ice  cover  were 
-3.25°C  and  -2.30°C  respectively  while  the 
bottom  temperatures  at  the  deeper  water 
sites  PB-2  and  PB-3  were  both  approximately 
-1.70°C.  Negative  temperature  gradients 
occur  at  all  sites  below  sediment  depths  of 
5  to  12  m.  This  suggests  that  ice-bonded 
permafrost  is  present  in  the  sediments 
below . 

Laboratory  Strength  Tests 


Undrained-unconsolidated  triaxial  com¬ 
pression  tests  were  conducted  at  confining 
pressures  estimated  to  be  equivalent  to  the 
In  situ  overburden  pressures  on  samples  pre¬ 
pared  from  core  specimens  obtained  from  the 
three  drill  sites.  The  samples  were  50  mm 
In  diameter  and  115  mm  in  length.  The 
tests  were  conducted  at  a  constant  rate  of 
strain  of  approximately  0.045/min.  at  0+l°C, 
The  samples  were  not  ice-bonded  as  chemical 
analysis  of  the  pore  water  revealed  that 
the  freezing  point  was  -1.8°C  or  lower. 

For  site  PB-1,  Figure  2  Illustrates 
that  to  a  depth  of  5  m  or  more  the  sedi¬ 
ments  are  weak,  the  maximum  shear  strength 


J.eing  45  kPa,  while  at  a  depth  near,  the 
boundary  of  the  fine-grained  marine  sedi¬ 
ments  and  the  coarser-grained  glacial  out- 
wash  material  the  shear  strength  increases 
to  13H  kPa. 

At  site  PB-2  (Fig.  3),  there  is  a 
gradual  but  significant  increase  of  shear 
strength  with  depth.  In  the  overlying  sandy 
material  the  shear  strength  is  approximately 
84  kPa.  Near  the  top  of  the  stiff  marine 
clay  section  the  strength  is  only  a  slightly 
greater  92  kPa  but  it  increases  to  225  kPa 
near  the  bottom. 

At  site  PB-3  the  shear  strength  de¬ 
creases  with  depth  (Fig.  4)  in  the  marine 
section  as  softer  and  finer-grained  materi¬ 
als  are  encountered.  In  the  upper  half  of 
this  section  the  strength  is  as  high  as  107 
kPa  while  near  the  bottom  it  Is  approxi¬ 
mately  28  kPa. 

Laboratory  Consolidation  Tests 

Because  the  clay  samples  taken  from 
site  PB-2  appeared  to  be  overconsolidated, 
laboratory  consolidation  tests  were  con¬ 
ducted  on  two  selected  samples,  one  ob¬ 
tained  from  core  PB-2-05  and  the  other  from 
PB-2-07 •  These  tests  revealed  overconsolid¬ 
ation  stresses  of  3800  and  3600  kPa  respec¬ 
tively,  the  resulting  overconsolidation 
ratios  being  99  and  53. 

DEPTH  TO  ICE-BONDED  PERMAFROST 

As  no  ice-bonded  samples  were  recovered, 
it  was  initially  concluded  that  ice-bonded 
permafrost  lay  at  some  unknown  distance  be¬ 
neath  the  bottom  of  the  drill  holes.  How¬ 
ever,  because  of  the  extremely  difficult 
driving  conditions  at  the  termination  depths 
at  PB-2  and  PB-3,  it  was  suspected  that  ice- 
bonded  permafrost  might  have  been  encoun¬ 
tered  . 

From  the  chemistry  data  of  Iskandar  et 
al.  (1978)  it  was  estimated  that  the  freez¬ 
ing  point  of  the  interstitial  water  at  both 
sites  was  approximately  -1.8°C.  Extrapo¬ 
lating  the  straight  line  segments  of  the 
USGS  (1976)  temperature  profiles  downward 
to  intercept  the  -1.8°C  isotherm  resulted 
in  estimated  depths  to  ice-bonded  perma¬ 
frost  for  sites  PB-2  and  PB-3  of  29.9  and 
43.3  m  respectively  (see  Fig.  6).  These 
depths  correlate  extremely  well  with  the 
29.5-  and  44.2-m  depths  at  which  drilling 
and  sampling  were  terminated  because  of 
collapsed  casing  or  very  high  penetration 
resistances.  It  appears  then  that  the 
depth  to  ice-bonded  permafrost  Is  less  at 
the  site  most  distant  from  shore. 

OVERCONSOLIDATED  CLAYS  AT  SITE  PB-2 


The  fact  that  highly  overconsolidated 
clays  were  observed  at  only  one  of  the 
three  sites  drilled  leads  to  the  conclusion 
that  they  may  occur  only  in  special  marine 
environments.  Reimnitz  et  al.  (1974)  re¬ 
ported  finding  stiff  silty  clays  approxi¬ 
mately  1  km  seaward  off  Egg  Island  near 
Simpson  Lagoon.  In  addition,  Hollingshead 
and  Rundquist  (1977;  reported  that  over¬ 
consolidated  clays  have  been  observed  in 
shallow  waters  of  the  Mackenzie  Delta. 

Possible  Mechanisms 

Many  overconsolidation  mechanisms 
exist  but  only  the  traditional  factors  of 
1)  overburden  pressure  and  subsequent  ero¬ 
sion,  2)  desiccation,  and  3)  glaciation, 
and  the  lesser-known  mechanisms  such  as 
4)  freezing  and  thawing  and  5)  the  forces 
of  drifting  berg  ice  or  sea  ice  were  con¬ 
sidered  . 

To  evaluate  these  mechanisms  the  geo¬ 
logic  and  climatic  history  of  the  nearshore 
Beaufort  Sea  must  be  known. 

Geologic  and  Climatic  History 

Osterkamp  and  Harrison  (1976)  dated 
the  sands  and  gravels  underlying  the  marine 
clays  at  approximately  22,000  years  BP. 
Barnes  and  Reimnitz  (1974)  stated  that 
these  clays  are  pre-Holocene  or  more  than 
7,000  to  10,000  years  old,  but  stratigraph¬ 
ic,  paleontologic  and  geochronologic  study 
of  our  samples  show  that  they  are,  in  fact, 
Holocene,  and  range  in  age  from  contempor¬ 
ary  to  perhaps  10,000  years  old.  This 
period  of  time  was  characterized  by  a  re¬ 
treat  of  continental  glaciation  and  a  rise 
in  sea  level.  Short  term  glacial  advances 
may  have  occurred.  However,  reported 
glacial-geological  studies  Indicate  that 
none  of  these  advances  could  have  extended 
out  onto  today's  coastal  plain  (Hamilton 
and  Porter  1975).  Sea  level  fluctuations 
occurred  in  this  region  throughout  the  late 
Pleistocene  time  in  response  to  varying 
amounts  of  water  being  tied  up  on  the  con¬ 
tinent  in  the  form  of  glacier  ice.  Within 
the  last  20,000  to  30,000  years  the  sea 
level  was  100  m  lower  than  at  present,  and 
has  been  rising  continuously  since,  al¬ 
though  at  a  varying  pace  during  the  period 
In  which  the  marine  clays  accumulated 
(Hopkins  1973,  Hopkins  et  al.  1977). 

Evaluation  of  Overconsolidation  Mechanisms 

Glacial  loading  can  be  readily  elim¬ 
inated  as  an  overconsolidation  mechanism 
since  there  is  no  evidence  that  this  part 
of  the  coastal  plain  has  been  glaciated 
since  the  time  the  marine  clays  were  de¬ 
posited  . 


Distribution  in  the  Beaufort  Sea  Sediment  loading  and  erosion  can  be 

excluded  as  an  independent  mechanism  since 


adequate  overburden  thicknesses  have  r.rt 
6een  available.  It  appears  that  sine-  the 
deposition  of  the  marine  clays,  no  lana  sur¬ 
face  at  site  PB-2  could  have  been  more  than 
a  few  meters  above  the  existing  sea  level. 

The  laboratory  tests  indicate  that  an  over¬ 
burden  thickness  of  approximately  350  m  of 
submerged  sediment  or  175  m  of  elevated  sedi¬ 
ment  is  necessary  to  overconsolidate  these 
marine  clays  to  their  present  state. 

It  has  been  suggested  that  the  forces 
of  drifting  ice  or  pressure  ridges  may  be 
factors  in  the  overconsolidation  process. 
However,  there  is  little  evidence  that  ice 
forces  would  compact  the  sea  floor  sediments. 
On  the  contrary,  Reimnitz  and  Barnes  (197*0 
have  observed  that  rather  than  compressing 
the  sea  floor  sediments,  the  ice  would  dis¬ 
lodge  them  and  cast  them  aside.  The  process 
would  be  one  of  bulking,  particularly  in  the 
soft  marine  sediments  where  there  is  little 
or  no  strength. 

Desiccation  is  a  common  mechanism  for 
overconsolidating  clay  soils.  However,  the 
necessary  exposure  of  these  marine  sediments 
to  the  atmosphere  would  also  mean  that  they 
would  be  subject  to  low  temperatures  and 
frozen . 

Because  temperature  conditions  appear 
to  have  been  favorable  over  much  of  the  late 
Pleistocene  time  for  deep  freezing  of  ex¬ 
posed  land  surfaces,  and  because  more  con¬ 
ventional  overconsolidation  processes  do  not 
appear  to  be  viable,  the  process  of  freeze- 
thaw  consolidation  was  given  serious  con¬ 
sideration.  A  discussion  of  this  process 
is  given  by  Chamberlain  and  Blouin  (1978). 

Freeze-Thaw  Consolidation  Tests 

The  results  of  two  freeze-thaw  con¬ 
solidation  tests  conducted  at  an  applied 
effective  stress  level  of  128  kPa  are  super¬ 
imposed  on  the  undisturbed  loading  curve  in 
Figure  7.  The  PB-2-05  and  PB-2-07  materials 
were  reconstituted  in  the  form  of  slurries, 
deaired,  and  fully  consolidated  under  suc¬ 
cessively  increasing  pressures  to  128  kPa 
(approximately  the  pressure  of  13  m  of  sub¬ 
merged  sand  or  the  thickness  of  Reindeer 
Island)  and  then  frozen  unidirectionally 
and  allowed  to  thaw.  For  sample  PB-2-05 
(Fig.  7),  the  void  ratio  decreased  2k%  from 
0.973  to  0.7^8.  Similar  results  were  ob¬ 
tained  for  sample  PB-2-07. 

Because  of  the  uncertainty  of  the  in¬ 
fluence  of  freezing  rate  and  the  effects  of 
drying  and  wetting  on  these  materials  when 
reconstituted  for  testing  purposes,  the  dif¬ 
ferences  noted  in  Fig.  7  between  the  thawed 
and  undisturbed  void  ratios  are  not  consid¬ 
ered  significant.  Thus,  these  tests  demon¬ 
strate  that  freezing  and  thawing  is  a  via¬ 
ble  mechanism  for  overconsolidating  the 
marine  clay  sediments  at  site  PB-2. 
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Equivalent  Tmckness  of  Submerged  Sond  or  Ground  Ice  (m) 

FIG.  7*  Compression  curves  for  undisturbed 
and  remolded-thawed  material  from  site 
PB-2-05. 

This  explanation  is,  of  course,  depen¬ 
dent  upon  these  sediments  being  frozen 
during  a  period  of  rising  sea  level.  Thus, 
some  process  providing  for  heat  transfer 
between  the  cold  arctic  air  and  the  marine 
clays  must  have  occurred. 

Processes  for  Inducing  Freezing 

There  appear  to  be  three  distinctly 
different  processes  for  providing  a  good 
thermal  connection  or  "thermal  bridge"  be¬ 
tween  the  marine  sediments  and  the  cold 
arctic  air.  The  transgression  of  a  barrier 
island,  such  as  nearby  Reindeer  Island, 
across  site  PB-2  would  provide  the  "thermal 
bridge"  required.  Since  it  is  known  that 
Reindeer  Island  is  migrating  westward  and 
shoreward  from  site  PB-2  (Hopkins  et  al. 
1977)  and  that  the  depth  of  ice-bonded 
sediments  at  Humble  Oil  Company* s  hole  C-l 
on  Reindeer  Island  is  almost  precisely  the 
required  frost  penetration  depth  (20  m), 
this  appears  to  be  the  most  likely  process. 

However,  it  is  also  possible  that  per¬ 
turbations  in  the  sea  level  curve  or  ground¬ 
ing  of  berg  ice  or  massive  sea  ice  struc¬ 
tures  could  have  provided  the  necessary 
"thermal  bridge."  Since  little  is  known  of 
short-term  lowering  of  the  sea  level  in  the 
past  10  thousand  years  and  because  grounded 
ice  would  result  in  only  limited  bed  con¬ 
tact  and  freezing  depths,  these  latter  two 
processes  appear  to  be  less  likely. 

CONCLUSIONS 

1.  Subsea  sediment  temperatures  were  below 
0°C  at  all  sites  studied  during  the  spring 
of  1976. 

2.  Ice-bonded  permafrost  did  not  occur 
within  the  upper  30  m  of  subsea  sediments 
in  a  region  extending  from  1  to  17  km  off¬ 
shore. 


3*.  Negative  gradients  in  thermal  data  and 
analysis  cf  pore  water  chemistry  suggest 
that  ice  is  present  at  29.9-  and  *43-3-m 
depths  at  sites  PB-2  and  PB-3  respectively. 
Because  site  PB-2  is  in  the  deepest  water 
and  is  at  the  greatest  distance  from  shore, 
it  appears  that  the  depth  to  ice-bonded 
permafrost  decreases  with  increasing  dis¬ 
tance  from  shore  at  these  sites. 

4.  Shallow,  highly  overconsolidated  marine 
clays  occur  seaward  of  Reindeer  Island, 
while  softer  marine  muds  occur  inside  the 
barrier  island  along  our  study  line. 
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5.  The  dense  marine  clays  probably  have 
been  overconsolidated  by  freezing  and  thaw¬ 
ing.  The  most  likely  process  appears  to 
involve  freezing  of  the  marine  sediments 
during  transgression  of  a  barrier  island 
across  the  site. 

6.  In-situ  cone  penetration  resistance 
data  can  be  obtained  using  the  sea  ice  as  a 
platform.  This  information  can  be  used  to 
delineate  the  occurrence  of  soft  and  stiff 
marine  materials  as  well  as  dense  sands  and 
gravels  and  provide  rapid  access  to  thermal 
data . 
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